Abstract-We present a first principles study of oxygen in crystalline Ge2Sb2Te4 and at the Ge2Sb2Te4/TiAlN interface. We find that oxygen molecules dissolve and dissociate exothermically into all of the crystalline forms of GST. Furthermore, we find that interstitial oxygen atoms are strongly attracted to the crystalline GST/TiAlN interface, where they bond preferentially between germanium and aluminum atoms. We have calculated energies of adhesion and we predict that single oxygen atoms increase significantly the adhesion of the GST film to the the metal.
I. Introduction Germanium-Antimony-Tellurium (GST) Alloys are now an integral part of several optical memory technologies, as well as emerging electronic, nonvolatile memory technologies. These materials undergo very rapid transformations between polycrystalline and amorphous phases, with concomitant changes in reflectivity and conductivity. While there is continued pursuit of universal memory, wherein nonvolatile, chalcogenide memory replaces volatile SRAM, the electrical memories exhibit several persistent failure modes. After sufficient cycling, bits can stop switching in either the on (low resistance) or off (high-resistance) states. There is evidence, from electron microscopy, that chalcogenide films can delaminate. Olson et al. have shown that in all GST films there is large oxygen concentration (≥ 10 19 cm −3 ) [1] , leading to the conjecture that oxygen may play a crucial role. In this paper, we present a firstprinciples study of oxygen in crystalline GST and at the GST/TiAlN interface.
II. Method
In most of the calculations, we used SeqQuest, a density functional theory (DFT) program, that has been described elsewhere [2] . We used the local density approximation (LDA), and Troullier-Martins pseudopotentials [3] for the oxygen atom and Hamann pseudopotential [4] for all others . It is well known that in either LDA, or the generalized gradient approximation (GGA), the crystalline forms of GST are predicted to have no band gap, contrary to experiment. Wuttig and coworkers have shown that a band gap emerges if the GGA equilibrium geometry is used in LDA approximation. This is not an option in our present study because we require an accurate relaxation of the interface between GST and TiAlN. However, the lack of a band gap precludes studying charge state effects. All calculations presented here are in the neutral charge state. In all calculations reported here, we used fcc Ge 2 Sb 2 Te 4 . We have studied oxygen in other alloys (Ge 2 Sb 2 Te 5 in the ground state hexagonal form and a model Ge 2 Sb 2 Te 6 hexagonal crystal) and found qualitatively and quantitatively similar physics in the bulk. However, formation of a viable interface with these forms would require prohibitively large unit cells. Furthermore, while Ge 2 Sb 2 Te 5 does crystallize in a metastable, rocksalt phase, with tellurium on one sublattice and Ge/Sb on the other, 20% of the sites on the Ge/Sb sublattice are vacant, leading to very complex system with large lattice distortions. Ge 2 Sb 2 Te 4 enabled us to study the oxygen interaction in a more systematic manner, and led to a simple interface that can be altered to include vacancies in future studies. We should note that in all of the crystal structures, the coordination is approximately octahedral, and the predicted nearest-neighbor distance (DFT) is remarkably constant, ∼ 3.05Å. This probably accounts for the consistency of our results for oxygen incorporation. TiAlN is a standard bottom electrode material in GSTbased electrical memory devices. The 50% N, 50% Ti/Al alloy is rocksalt with N on one sublattice and Ti/Al on the other [5] , The predicted 2 nd nearest-neighbor distance on TiAlN is ∼2.93Å. So, a π 4 rotation about the [100] direction leads to the possibility of commensurate epitaxy ( ∆a a ∼0.04). In previous calculations in the TiN/GeTe system, we found that GeTe preferred to bond to the metal sublattice. We have studied the analogous system exclusively here. We have calculated surface adhesion between Ge 2 Sb 2 Te 4 and TiAlN using the the standard method of Bogicevic and Jennison [6] , but without the surface energy corrections of Mattsson and Kohn [7] . Fourtuitously, LDA has done better than GGA without these corrections. The supercell used here are shown in Fig. 1 . Note that this is a supercell in all three cartesian directions, so that there are actually two interfaces. To model oxygen in the bulk, we placed the oxygen atom in the interstices shown in Fig. 2 . Not shown, but similar to Fig. 2 , we have also placed an oxygen atom at a tellurium site and placed the tellurium at a neighboring body-centered site, creating an intimate substitutional/interstitial pair. Note that we only considered oxygen substituting for tellurium, as other substitutional sites (Ge or Sb) would be much higher in energy, because of the relative electronegativity of the neighboring tellurium atoms. Finally, to study the interface behavior, we started with geometries similar to that shown in Fig. 3 For the slab calculations, we have energies within three approximations.
1) We have fixed all positions of the atoms within each slab at the equilibrium values in the completely periodic solid. 2) We have fixed the in-plane lattice constants but have allowed the atoms to relax under this constraint. 3) We have relaxed the in-plane lattice constants and the atomic coordinates. Finally, as we are interested in the effect oxygen has on adhesion, we performed slab calculations where the oxygen could attach either to the substrate slab or to the chalcogenide slab. We note that this amounts to an initial exploration of oxygen adhesion to both surfaces.
III. Results A. Relaxed Interface Model Fig. 1 is the equilibrium structure. Several features bear comment. First, the in-plane lattice constant for the interface is essentially the same as for bulk TiAlN, so that virtually all of the relaxation is taken up by the chalcogenide. The reduction by 4% in-plane is compensated by a 3% average increase in the lattice constant out-of-plane. This distortion should not be confused with the Poisson's ratio, because, as is obvious from the figure, the distortion is inhomogeneous. Furthermore, at the vertical center of the GST, bondlengths normal to the interface are 2.95 A, compared to 3.05Åin fully relaxed, bulk Ge 2 Sb 2 Te 4 . This compression of ∼0.1Å, which is probably due to reduced bonding to first monolayer, implies that what we are calling bulk is not fully relaxed.
B. Oxygen in Bulk
In Table I , we show the calculated energies of formation for a neutral oxygen, either as an interstitial, or as In all cases, it is thermodynamically favorable for O 2 to dissolve from its gas phase into this solid, and to dissociate into isolated interstitial species. The equilibria for the isolated oxygen interstitial are shown in Fig. 4 , with bondlengths given in Table II Fig. 4 ence between the body-centered and the face-centered, interstitial oxygen geometries is surprisingly small (∆E ∼0.11 eV), considering the significant differences in bond lengths. However, In the body-centered case, the oxygen is nearly equally shared between two germanium atoms and two antimony atoms. We have not calculated the equilibrium configuration for a face-centered configuration with two neighboring germanium atoms (as opposed to a germanium and an antimony shown here). However, the body centered equilibrium is actually a perturbation of that geometry, so that we are confident that the GeGe face centered geometry would also be metastable. It is interesting that R Sb−T e for both geometries is within 0.07Å, even though R O−T e varies by 0.4Å. It appears that the tellurium is driven to avoid the oxygen atom, but is frustrated by the bond to the germanium atom immediately below. While we have not calculated the barrier between the face-centered and the body-centered geometries, it is likely that oxygen motion is very rapid with small energy barriers. The isolated interstitial is much more stable than the oxygen substitutional/tellurium interstitial pair. This is not surprising, as tellurium is so large, it induces significant stress in the interstitial site. This is demonstrated qualitatively in Fig. 5 C. Oxygen at the Interface The energies of formation for oxygen centers at the interface are shown in Table III . Here, O-AlGe (O-TiGe) refers to an oxygen atom initially near a Ge-Al (Ti-Ge) bond at the interface. As shown in Fig. 6 , the difference is striking; oxygen is repelled from the Ti-Ge bond yet strongly attracted to the Al-Ge bond. The relaxed geometries indicate that for O-AlGe, the oxygen, which starts in the bonding configuration shown approximations. unrel.:slabs pulled apart with no atomic relaxation; z-rel.: slabs pulled apart and atoms allowed to relax normal to the interface; rel. full relaxation of both slabs. Energies are in eV/bond.
in Fig. 1 , ends in a bond-centered position between the aluminum and the germanium atom, while for OTiGe, the oxygen atom forms bonds with two neighboring titanium atoms and moves away from the germanium atom. This leads to the interesting prediction that a pure TiN electrode would repel oxygen back into the chalcogenide film, while the TiAlN would act as an oxygen getter. Finally, in Table V , we present the energies of adhesion for the ideal interface and for the interface with an oxygen atom at the O-AlGe site. In this case, we have considered the possibility that, upon separating the chalcogenide from the substrate, the oxygen atom could end up on either side. There are two important results in Table V . First, the first few layers of 224 alloy would bond epitaxially, in spite of a significant lattice mismatch. The possibility of commensurate growth raises the possibility that TiAlN could act as a nucleation site for crystallization, and thus speed switching. Second, it is clear that, at least initially, oxygen actually increases adhesion, by forming a strong AlO bond and a weaker GeO bond. It is also clear that oxygen bonds more strongly (by 0.9 eV) to the substrate than to the chalcogenide. This does not answer directly whether oxygen plays a role in either delamination, or the stuck-off failure mode. However there are several tantalizing avenues of investigation. First, a study of an analogous model system with an amorphous chalcogenide is essential to understand trends in both switching states. It is known experimentally, that oxygen is taken up easily into the amorphous state. It is also known both experimentally and theoretically that oxygen opens the band gap. Oxygen accumulation at the crystalline interface could, for instance, lead to a oxygen-rich amorphous layer that could be highly resistant to switching, thus leading to an MOS-like structure. A second possibility is that oxygen be accompanied by hydrogen. This could lead to radically different chemistry at the interface, including the formation of OH groups attached to the substrate that would lead to delamination.
IV. Conclusion
We have presented a brief summary of a theoretical study of the interaction of oxygen with a model alloy, Ge 2 Sb 2 Te 4 . Our calculations predict that gaseous oxygen will spontaneously dissolve into the lattice, and dissociate into isolated, interstitial oxygen atoms. In chalcogenidebased electronic memories, only a small fraction of the total volume of chalcogenide actually switches into the amorphous state. The rest is permanently polycrystalline. This has important technological ramifications. Often, the chalcogenide is surrounded by silicon dioxide that contains significant densities of dissolved oxygen molecules. Our calculations provide a thermodynamic driver for the diffusion of O 2 from the surrounding silicon dioxide into the chalcogenide. Our calculations on the model interface show that oxygen is strongly attracted to the Ge 2 Sb 2 Te 4 /TiAlN interface. Together, the bulk and interface results provide a thermodynamic pathway for oxygen from surrounding silicon dioxide into the chalcogenide, where it would join an already significant concentration, and eventually to the chalcogenide-TiAlN interface. However, the attraction to the interface is due solely to the presence of aluminum. In fact, interstitial oxygen is repelled from titanium, so that we predict no oxidation at the Ge 2 Sb 2 Te 4 /TiN interface. Thus, if oxygen plays a role in either delamination, or the stuck-off failure mode, we predict that a purely TiN bottom electrode should have improved behavior, as there should be no accumulation of oxygen at this interface. This work was funded by the Air Force Office of Scientific Research. Sandia is a multiprogram laboratory operated by Sandia Corporation, a Lockheed Martin Company, for the United States Department of Energy's National Nuclear Security Administration under Contract DE-AC04-94AL85000.
